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Abstract
Purpose: The most commonly used propulsion method for handcycling is moving the arms symmet-
rically. Previous studies indicated that during outdoor handcycling symmetrical arm movements are
more efficient. During locomotor movements, however, arm movements are performed asymmetrically in
combination with leg movements. We questioned which combination of arm and leg movements is more
efficient during combined arm and leg cycling for stationary use.
Methods: Twenty-five able-bodied adults performed eight submaximal tests of 6 min on a hybrid hand-
cycle at three incremental gears during four different conditions (‘arms only’ and ‘arms & legs’ with arms
symmetrical and asymmetrical). Oxygen uptake (VO2), heart rate (HR) and Borg score (Borg) were
assessed.
Results: Increasing workload resulted in significant increases in VO2 (16 W: 13.0 ± 2.4 ml kg−1 min−1,
31 W: 14.5 ± 2.9, 49 W: 15.5 ± 2.8; p < 0.001) and Borg (16 W: 7.7 ± 1.7 points, 31 W: 8.6 ± 1.9, 49
W: 9.5 ± 1.9; p < 0.001). During ‘arms only’, no differences were found in exercise intensity between
symmetrical and asymmetrical movements. Contrarily, during ‘arms & legs’, both VO2 (p < 0.001) and
Borg (p = 0.001) were significantly lower for the asymmetrical (VO2: 13.8 ± 2.6 ml kg−1 min−1, Borg:
8.1 ± 1.6 points) compared to the symmetrical condition (VO2: 14.9 ± 2.8, Borg: 9.1 ± 2.0).
Conclusions: Results indicated that asymmetrical arm movements,especially in combination with leg
movements, represented the most efficient condition on a stationary hybrid handcycle. The current
results suggest that neural energy costs are lower when moving in the preferred (asymmetrical)
coordination when no steering is required. These findings may have implications for stationary arm &
leg cycling rehabilitation and tricycle adaptations in patients with spinal cord injury.
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Abbreviations
ANOVA Analysis of variance
HR Heart rate
RER Respiratory exchange ratio
SCI Spinal cord injury
VO2 Oxygen uptake
Introduction
In spinal cord injury (SCI) patients, coordinat-
ing arms in combination with legs has been sug-
gested to promote lower limb movements, and
could, therefore, be beneficial for gait rehabilitation
(Behrman and Harkema 2000). Furthermore, it has
been found that both passively imposed and active
arm motion positively influenced the locomotor-like
muscle activity in the legs in a group of SCI pa-
tients in which the neural connections in the spinal
cord between regions controlling upper and lower
limbs were (at least partially) preserved (i.e. cervi-
cal incomplete SCI) (Kawashima et al. 2008). On
the other hand, upper limb movements had no ef-
fect when the neural connections in the spinal cord
between regions controlling upper and lower limbs
were lost (i.e. thoracic complete SCI) (Kawashima
et al. 2008). These studies clearly indicate that
combining arm and leg movements in rehabilitation
of (incomplete) SCI patients could yield additional
benefits. This is especially the case since some SCI
patients present with residual function of (one of)
the legs, and since it is possible to combine arm
cycling with functional electrical stimulation of the
legs (Heesterbeek et al. 2005).
Conventional rehabilitation after SCI is primar-
ily focused on regaining functional independence,
often by increasing muscle strength above the level
of the lesion. To reach this goal, upper limb mus-
cle strength in SCI patients is mostly trained by
arm cranking (on a fixed stationary upper limb er-
gometer), handcycling (on an outdoor handcycle)
or wheelchair training (Bougenot et al. 2003; Ja-
cobs 2009; Valent et al. 2008, 2010). Previous
studies on upper limb cranking and cycling in SCI
patients have focused on the differences between
symmetrical (i.e. synchronous) and asymmetrical
(i.e. asynchronous) arm movements. When moving
the arms symmetrically, left and right arms move
in flexion and extension in unison, while for asym-
metrical movements, one arm is in flexion and the
other is in extension. Results in arm cycling studies
should be divided into studies using arm cranks and
studies using a handcycle, since these tasks differ on
an essential element, i.e. steering. Studies on arm
cranking usually report asymmetrical arm move-
ments to be both physiologically and mechanically
more efficient compared to symmetrical arm move-
ments (Goosey-Tolfrey and Sindall 2007; Mossberg
et al. 1999; Hopman et al. 1995). This means
that oxygen uptake was found to be lower, while
gross mechanical efficiency was higher at specific
workload intensities for asymmetrical arm move-
ments. On the other hand, in studies using a
handcycle, symmetrical arm cycling was reported
to be physiologically and mechanically more effi-
cient than asymmetrical cycling (Abel et al. 2003;
van der Woude et al. 2000, 2008; Dallmeijer et
al. 2004; Bafghi et al. 2008). It was suggested in
previous research that the advantage of symmet-
rical handcycling is caused by the effective use of
trunk movements, i.e. moving the trunk forward
and backward to increase power generation through
the upper limbs, while this is not effective during
asymmetrical handcycling (van der Woude et al.
2000; Dallmeijer et al. 2004). However, the re-
sults of a study by Faupin et al. (2011) do not
agree with this suggestion, since they did not find
a difference of flexionextension of the trunk be-
tween asymmetrical and symmetrical handcycling
(in wheelchairs with backrest angle of 45o or 85o)
(Faupin et al. 2011). The differences in results be-
tween arm cranking and handcycling studies are ob-
viously related to the fact that during arm cranking
no steering is required, in contrast to handcycling,
i.e. it is easier to steer when moving the arms sym-
metrically (van der Woude et al. 2000). Related
is also that trunk muscle activity is increased and
more continuous during asymmetrical compared to
symmetrical handcycling, resulting in higher rota-
tion and lateral flexion of the trunk to propel and
stabilize the participant and the steering (Bafghi et
al. 2008; Faupin et al. 2011). This increase in mus-
cle activity to stabilize steering direction appears to
increase the energy cost during asymmetrical hand-
cycling (Dallmeijer et al. 2004; van der Woude et al.
2008). A possible explanation for the preference for
asymmetrical arm movements, in situations where
steering and trunk movements are not required or
allowed, is that for locomotor movements, such as
walking and crawling, the arms usually move alter-
nately as well (Wannier et al. 2001). This pref-
erence for asymmetrical coordination for locomo-
tion is a trait that humans have in common with
(quadrupedal) animals (Duysens and Van de Crom-
2
mert 1998; Dietz 2003; Zehr et al. 2009). It has
been suggested in literature that the similarity in
interlimb coordination during locomotion between
these species is apparent due to a similar neural
locomotor network, possibly because of a shared
ancestral lineage (Dominici et al. 2011; Dietz 2002;
Zehr and Duysens 2004). An interesting character-
istic of our neural network for locomotion is that
the movements of the limbs of the upper and lower
girdle influence each other. For instance, it was
found that reflexes elicited by stimulating nerves in
the leg evoked reflex responses in arm muscles (Di-
etz et al. 2001). More importantly, these responses
were more pronounced during gait as compared to
standing and sitting. Other reflex studies reported
that passive flexionextension movements at the el-
bow were sufficient to augment soleus H-reflex am-
plitudes (Hiraoka and Nagata 1999), while, in con-
trast, active arm swing or arm cycling reduced them
(Hiraoka and Iwata 2006; Knikou 2007). These (re-
flex) studies clearly indicate that leg movements
and arm movements directly influence each other at
remote girdles, which strongly suggests that the in-
terconnections between girdles are important, espe-
cially during locomotion (Zehr and Duysens 2004).
Additionally, several studies on neurologically in-
tact persons have indicated the potential benefit of
combining upper limb movements with lower limbs
movements on a recumbent stepper, a stepping ma-
chine that couples asymmetrical arm movements to
asymmetrical leg movements (resembling human lo-
comotor movements) (Huang and Ferris 2004; Kao
and Ferris 2005; Ferris et al. 2006). It was demon-
strated that when upper limb exertion increased,
lower limb muscle activation increased proportion-
ally, even though lower limbs were relaxing (both
when the asymmetrical arms movements were cou-
pled or uncoupled to the leg movements) (Huang
and Ferris 2004). Furthermore, when increasing the
frequency of the upper limb movements, lower limb
muscle activation increased as well (Kao and Ferris
2005). These studies clearly indicate the facilitat-
ing effect of upper limb movements on neuromus-
cular recruitment of the lower limbs, and highlight
the possibility of reduced neural energy costs when
activating the preferred asymmetrical pattern (pos-
sibly due to reduced active inhibition at spinal cord
level). However, the effect of the type of arm co-
ordination in combination with leg movements on
oxygen uptake and exertion has not yet been ex-
plored.
Therefore, it is of great clinical interest to exam-
ine the differential effect of two types of arm coor-
dination during combined arm and leg cycling on
exercise intensity, since it may lead to adaptations
of the crank setup of hybrid rehabilitation tricycles
used by persons with neuromotor disorders (such
as multiple sclerosis, amyotrophic lateral sclerosis,
and SCI) depending on their active control of the
upper and lower limbs. Based on previous literature
concerning neural locomotor control, we hypothe-
sized that an additional facilitating effect would be
apparent when the arms and legs are coordinated in
the same asymmetrical way as during normal walk-
ing. Therefore, in this initial study, we investigated
whether, in able-bodied participants, asymmetrical
arm cycling is more efficient compared to symmet-
rical arm cycling in conditions with and without
asymmetrical leg cycling.
Methods
Participants
A total of 25 able-bodied participants (male/female
11/14; age 30.5 ± 12.1 years; height 1.76 ± 0.10
m; weight 69.0 ± 9.5 kg) with no reported history
of any musculoskeletal or neurological impairments
were included in the study. None of the partic-
ipants had previous experience with handcycling.
All experiments were approved by the local ethi-
cal committee (“Commissie Medische Ethiek van
de Universitaire Ziekenhuizen Leuven”) and were
performed with the written informed consent of the
participants in accordance with the Declaration of
Helsinki.
Experimental setup and protocol
The hybrid handcycle used in this study was a
prototype of the BerkelBike (BerkelBike BV, The
Netherlands). It is a tricycle that can be used
for outdoor activities as well as stationary train-
ing, and is propelled by the arms, the legs or by
the combination of arms and legs. The movements
of the legs were mechanically coupled to the move-
ments of the arms, i.e. when cycling with the arms,
the legs automatically follow (while this was not
true for the opposite; i.e. the legs did not drive the
arms). Both arms and legs, however, contributed
to the externally achieved workload. To use the
BerkelBike in a controlled laboratory setting, the
front wheel of the tricycle was mounted on an air-
braked ergometer and the steering mechanism was
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Figure 1: Experimental setup. Experimental setup of stationary ‘arms & legs’ cycling with the asymmetrical (a) and
symmetrical (b) hand position
fixed (preventing sideways movements). This pro-
totype of the BerkelBike allowed changing the arm
crank from a symmetrical position to an asymmet-
rical position (Fig. 1). Gear diameters (and tooth
counts) for the arm driven gear and leg driven gear
were 7 cm (17), and 7 cm (17), respectively. These
gears result in a 1:1 arm to leg revolution frequency.
The crank length for the arms was 15 cm, while that
of the legs was 12.5 cm. The transmission from the
leg cranks to the wheel hub was 40:16. Three gear
ratios of the additional hub gear were used (0.64,
0.75, and 0.85) for the three levels of resistance used
in the protocol (see below; 16, 31, and 49 W, re-
spectively). The hybrid handcycle was individually
adjusted to have an appropriate distance between
the arm cranks and the trunk, and to provide a
comfortable seating position. The foot rests, seat
and arm crank handlebar could be adjusted in both
height and distance. To counteract trunk move-
ments as much as possible, the participant’s trunk
was fixed to the back of the hybrid cycle using a
Velcro belt.
The participants performed a total of eight sub-
maximal tests, with each test taking 6 min (Hol
et al. 2007). Six tests were performed using both
the arms and legs for propulsion (‘arms & legs’),
and the remaining two tests using only the arms
for propulsion (‘arms only’; with the legs discon-
nected from the tricycle and the feet placed on
the floor). During arms only cycling, the partici-
pants were asked to place the feet on the floor since
this resembles handcycling and arm cranking the
most (i.e. in literature, participants were sitting
in wheelchairs with their feet on the rests). These
tests allowed for the comparison of measures of ex-
ercise intensity between symmetrical and asymmet-
rical arm movements to propel the BerkelBike, and
the effect of the combination of using the arms and
legs together. The six ‘arms and legs’ tests com-
prised three levels of resistance [16 W (gear 2), 31
W (gear 3), and 49 W (gear 4)] for the two hand
positions (symmetrical and asymmetrical; Fig. 1).
The two ‘arms only’ tests were performed at 49 W
(gear 4), either with symmetrical or asymmetrical
arm movements. The order of the eight tests was
pseudo-randomized (i.e. counterbalanced model) to
control for carry-over and learning effects. The par-
ticipants were required to follow a cadence of 63
revolutions per minute in all tests indicated by a
metronome. Before each test, all participants were
allowed to practice cycling to get acquainted with
the required resistance and cadence. The resting
heart rate of each participant was measured in a
seated position before the start of the tests. In be-
tween two tests, there was a period of rest of about
15 min. The participants were allowed to proceed
with the next test if their heart rate, measured af-
ter the 15 min of rest, was less than ten percent
above their resting heart rate.
Outcome measures
The participants’ heart rate (HR) was measured
with a polar heart rate monitor (Kempele, Fin-
land). Oxygen uptake [VO2 (ml kg1 min1)] and the
respiratory exchange ratio (RER) were measured
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during each test with a breath by breath, portable
gas analysis system (K4b2; Cosmed, Rome, Italy).
The mean VO2 and RER were calculated over the
last 3 min of each 6-min test to assure physiological
steady-state. After each test, the participants were
asked to rate their perceived exertion of the test
with the Borg scale. The 15-grade Borg scale is a
tool that helps the participant to indicate fatigue
by giving a score from 6 to 20 after each test (Borg
1982).
Statistics
A repeated measures ANOVA was used to com-
pare the outcome parameters (VO2, HR, and Borg)
between symmetrical and asymmetrical ‘arms &
legs’ cycling. Repeated measures factors included
“Phase” (symmetrical or asymmetrical) and “Re-
sistance level” (16, 31, 49 W). Similarly, for ‘arms
only’ cycling, symmetrical and asymmetrical arm
cycling were compared using a repeated measures
ANOVA with “Phase” as a factor. Tukeys post
hoc comparisons were systematically applied, and
α = 0.05 was used to establish statistical signifi-
cance. Statistica 8.0 (StatSoft Inc., OK, USA) was
used for the statistical analyses.
Results
Symmetrical versus asymmetrical
‘arms and legs’ cycling
A significant main effect of Phase was found for
VO2 (F = 17.64, p = 0.0003) and Borg (F = 13.12,
p = 0.0014). A lower VO2 and Borg scores were
found for the asymmetrical compared to the sym-
metrical hand position (see Fig. 2a). This was con-
firmed by the post hoc analysis (VO2: p = 0.0005
and Borg: p = 0.0015). No significant difference
in HR between the two conditions was found (F =
1.05, p = 0.32).
As expected, when the level of resistance in-
creased, all measures of exercise intensity increased
for the symmetrical as well as for the asymmetrical
hand position (see Fig. 2a). This was revealed by
a significant main effect of resistance level for both
VO2 (F = 64.25, p < 0.0001) and Borg scores (F =
33.96, p < 0.0001), while the main effect of resis-
tance level did not reach significance for HR (F =
2.53, p = 0.11). Tukey’s post hoc analysis revealed
that VO2 and Borg scores were significantly lower
for 16 W versus 31 W (VO2: p = 0.0001 and Borg:
p = 0.0004), and 31 W versus 49 W (VO2: p =
0.0001 and Borg: p = 0.0009).
No significant Phase * Resistance level interac-
tion was found for any of the variables (VO2: F =
0.25, p = 0.78; Borg: F = 2.49, p = 0.094; HR: F
= 0.23, p = 0.80).
Symmetrical versus asymmetrical
‘arms only’ cycling
No significant differences between the symmetrical
and asymmetrical hand position were found for any
measure of exercise intensity (Borg: F = 2.84, p =
0.10; VO2: F = 2.71, p = 0.11; HR: F = 0.17, p =
0.69; see Fig. 2b).
Discussion
The current study demonstrates that, in healthy
adults, the asymmetrical hand position results in
more attenuated oxygen uptake than the symmet-
rical hand position during stationary ‘arms & legs’
cycling. Measures of exercise intensity (i.e. oxygen
uptake and level of perceived exertion) were sig-
nificantly lower for asymmetrical arm cycling com-
bined with leg cycling compared to symmetrical
arm cycling combined with leg cycling (for the dif-
ferent levels of resistance). This suggests that, with
the same amount of effort, people will be able to
ride further distances (i.e. for a longer period) when
they are ‘arms & legs’ cycling stationary using the
asymmetrical hand position.
In ‘arms only’ cycling, we did not find any sig-
nificant differences in measures of exercise inten-
sity between symmetrical and asymmetrical hand
positions. In contrast, previous arm cranking stud-
ies observed higher energy demands in symmetri-
cal than in asymmetrical arm movements (Goosey-
Tolfrey and Sindall 2007; Mossberg et al. 1999;
Hopman et al. 1995). In these previous arm
cranking studies, different protocols with differ-
ent power output levels and durations were ap-
plied, which hinder direct comparisons, but, in gen-
eral, reported energy demands in those studies were
lower (Goosey-Tolfrey and Sindall 2007; Mossberg
et al. 1999). Additionally, the differences in results
could be due to the different setup, i.e. in the cur-
rent study a hybrid handcycle was adapted for an
experimental laboratory protocol, while other stud-
ies used arm crank ergometers. Furthermore, in the
current study, the participants trunk was stabilized
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Figure 2: Comparison of the outcome measures between the conditions. a The mean values and standard deviations
are provided for oxygen uptake (VO2; a left), Borg score (Borg; a middle) and heart rate (HR; a right) in able-
bodied participants (n = 25) during ‘arms & legs’ cycling with the asymmetrical hand position (full line and circles) and
symmetrical hand position (dotted line and squares) for the different resistance levels. A significant effect of Phase (*)
and resistance level (#) was found for VO2 and Borg. b The mean values and standard deviations are shown for oxygen
uptake (VO2; b left), Borg score (Borg; b middle) and heart rate (HR; b right) in able-bodied participants (n = 25)
during ‘arms only’ cycling with the asymmetrical hand position and symmetrical hand position at the same resistance level.
Although VO2 seemed to be higher for the asymmetrical hand position, and conversely the Borg score appeared higher for
the symmetrical hand position, no statistically significant differences were found.
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to the back of the chair to control for trunk move-
ments.
In the current study, the beneficial (metabolic)
effect of asymmetrical hand position was only man-
ifested when arm cycling was combined with leg
cycling (i.e. oxygen uptake was significantly re-
duced during ‘arms & legs’ cycling compared to
‘arms only’ cycling with the asymmetrical hand po-
sition; see Fig. 2b). This clear beneficial effect was
not apparent for the symmetrical hand position.
These results can be explained by the proposition
that asymmetrical arm (and leg) movements are the
preferred type of coordination for locomotion in hu-
mans. The increase in oxygen uptake due to ‘arms
& legs’ cycling with asymmetrical arm movements
could be caused by a physiological mechanism un-
derlying neural interlimb coordination (e.g. neu-
ral energy costs are lower when moving in the pre-
ferred coordination), or an increase in biomechani-
cal efficiency (e.g. less co-contraction needed in the
trunk muscles), or a combination. The current re-
sults strengthen observations from previous studies
that suggest that there is a facilitating coupling be-
tween upper and lower limb locomotor movements
(Ferris et al. 2006; Huang and Ferris 2004; Kao
and Ferris 2005). A recent study by de Kam et
al. (2013) confirmed this notion since they found
that active arm movements increased leg muscle ac-
tivity during recumbent stepping (de Kam et al.
2013). The authors indicate that this facilitating
effect was most likely of neuromuscular origin, since
the arms are not needed for postural control or
weight-bearing during recumbent stepping. In this
respect, their study is in agreement with the cur-
rent study, except that de Kam et al. (2013) did
not find a significant difference in facilitating effect
on leg muscle activation between symmetrical and
asymmetrical arm movements. The authors did
indicate that some trends were apparent in their
Arms*Condition interactions, and the lack of sig-
nificance is likely caused by their small sample size
(n = 10). Nevertheless, combined with results of
previous studies in able-bodied participants (Huang
and Ferris 2004; Kao and Ferris 2005; Ferris et al.
2006), the results of the current study clearly in-
dicate a preference for combining arm movements
with leg movements and an advantage for using the
asymmetrical arm coordination. Neurophysiologi-
cal results from other motor control literature sup-
port the contention that the preferred coordination
pattern is expected using reciprocating arm action.
For instance, in a study by Carroll et al. (2005), an
enhanced pattern of cutaneous reflex modulation
was shown during asymmetrical arm cycling com-
pared to symmetrical arm cycling, which suggests
that the pattern generating activity is enhanced
when the arms are moving asymmetrically (Carroll
et al. 2005).
This neural interlimb facilitation might have im-
plications for locomotor rehabilitation programs in
persons with neuromotor disorders (such as mul-
tiple sclerosis, amyotrophic lateral sclerosis, and
SCI) and might lead to adaptations to their out-
door tricycles. A previous study already indi-
cated that arm movements positively influenced leg
muscle activity in SCI patients in which the neu-
ral connections between regions controlling upper
and lower limbs were preserved (Kawashima et al.
2008). Therefore, it seems preferential to choose
the type of tricycle and stationary ergometer re-
habilitation in function of the type/height of the
lesion. For instance, a person with a cervical in-
complete SCI could benefit from the asymmetri-
cal arm cycling combined with leg cycling (espe-
cially if there is some residual function in the legs).
On the other hand, a person with a thoracic com-
plete SCI might benefit more from using symmetri-
cal arm cycling (possibly combined with leg cycling
using functional electrical stimulation), since then
trunk movements could improve their symmetrical
arm movement performance (van der Woude et al.
2000).
A limitation that should be taken into account
is that asymmetrical arm cycling hinders steering
(van der Woude et al. 2000, 2008; Bafghi et al.
2008). It is expected that the hindering of steer-
ing for asymmetrical arm movements [as found for
handcycling (i.e. ‘arms only’ cycling)] would also
affect the combined ‘arms & legs’ cycling. There-
fore, asymmetrical arm movements could be en-
couraged for indoor (stationary) but not necessar-
ily for outdoor tricycle training. In addition, it
should be further examined whether the results in
able-bodied participants can be reproduced in per-
sons with varying types of SCI or other neuromotor
disorders. In persons with neuromotor disorders,
it would be of particular interest to differentiate
between the power produced by the legs and the
arms as well. Another limitation to keep in mind
when interpreting the current results is that energy
supply during some exercise conditions might have
been partially anaerobic. During ‘arms & legs’ cy-
cling, this is very unlikely since we found low RER
values (≤0.91). For ‘arms only’ cycling, we cannot
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exclude this possibility completely since RER val-
ues above 1 and Borg scores above 15 were observed
in some participants. We, therefore, did not com-
pare the VO2 of ‘arms & legs’ cycling with the VO2
of ‘arms only’ cycling. Nevertheless, this does not
influence the interpretation of our results that there
is no difference between asymmetrical and symmet-
rical hand positions for stationary ‘arms only’ cy-
cling, while there is a difference for stationary ‘arms
& legs’ cycling. This is especially the case since
we observed similar RER values in the symmetri-
cal and asymmetrical hand positions for each con-
dition (suggesting that the anaerobic component is
comparable for both hand positions, p = 0.21 and
p = 0.15). Furthermore, even though stationary
‘arms only’ cycling appeared as a more exerting
exercise, all participants were able to maintain it
for 6 min. The RER may have been influenced
by hyperventilation, especially when breathing fre-
quency would have been coupled to arm frequency.
Such coupling is theoretically more likely to oc-
cur during symmetrical than during asymmetrical
arm movements. However, we only found a small
difference in breathing frequency between the two
phases (symmetrical 25.92 breaths/min ± 5.18 ver-
sus asymmetrical 25.16 ± 5.34, p = 0.42). More-
over, 79.5% of the cases showed a ratio of ‘arm
frequency/breathing frequency’ that deviated more
than 5% from the nearest integer. This suggests
that breathing frequency was not coupled to arm
frequency for both conditions, and has not influ-
enced VO2.
Conclusions
The combination of the asymmetrical hand position
with stationary ‘arms & legs’ cycling was found to
be more efficient in terms of measures of exercise in-
tensity compared to symmetrical stationary ‘arms
& legs’ cycling. These results are in agreement with
the hypothesis of a facilitating effect between loco-
motor lower limb and upper limb movements re-
sulting from neural intergirdle coupling pathways.
Thus, it is potentially valuable to integrate asym-
metrical arm movements when combined with leg
cycling in the stationary locomotor rehabilitation
and handcycle ergometry, as well as to account for
choosing the most appropriate tricycle adjustments
in persons with neuromotor pathology (for instance
in patients with SCI: depending on the type and
level of SCI).
Acknowledgements
PM and JD were supported by a grant from ‘bij-
zonder onderzoeksfonds’ KU Leuven [grant number
OT/08/034, PDMK/12/180], and by FWO (Fonds
voor Wetenschappelijk Onderzoek Vlaanderen; sci-
entific research funding Flanders) [grant number
G.0901.11]. WH was supported by FWO [grant
number G.0756.10]. R. Berkelmans is gratefully
acknowledged for providing a special prototype of
BerkelBike, allowing to study arm movements in
different modes. We thank the physical therapists
of the SCI unit at the Rehabilitation Centre Pel-
lenberg (UZ Leuven) for their assistance and clin-
ical expertise during the measurements. Special
thanks are also due to Sarah Langendries and Ce-
line Maisin for assistance with data acquisition and
analysis. Furthermore, we would like to acknowl-
edge J. Verellen and Prof. Y. Vanlandewijck for
their support concerning the experimental setup.
Conflict of interest
The authors declare that they have no conflict of
interest.
References
1. Abel T, Vega S, Bleicher I, Platen P
(2003) Handbiking: physiological re-
sponses to synchronous and asynchronous
crank montage. Eur J Sport Sci 3:19.
doi:10.1080/17461390300073401
2. Bafghi HA, de Haan A, Horstman A, van der
Woude L (2008) Biophysical aspects of sub-
maximal hand cycling. Int J Sports Med
29:630638. doi:10.1055/s-2007-989416
3. Behrman AL, Harkema SJ (2000) Locomotor
training after human spinal cord injury: a se-
ries of case studies. Phys Ther 80:688700
4. Borg GA (1982) Psychophysical bases of
perceived exertion. Med Sci Sports Exerc
14:377381
5. Bougenot MP, Tordi N, Betik AC, Martin X,
Le Foll D, Parratte B et al (2003) Effects of
a wheelchair ergometer training programme
on spinal cord-injured persons. Spinal Cord
41:451456
8
6. Carroll TJ, Zehr EP, Collins DF (2005) Mod-
ulation of cutaneous reflexes in human upper
limb muscles during arm cycling is indepen-
dent of activity in the contralateral arm. Exp
Brain Res 161:133144. doi:10.1007/s00221-
004-2050-7
7. Dallmeijer AJ, Ottjes L, de Waardt E, van
der Woude LH (2004) A physiological compari-
son of synchronous and asynchronous hand cy-
cling. Int J Sports Med 25:622626. doi:10.105
5/s-2004-817879
8. de Kam D, Rijken H, Manintveld T, Nienhuis
B, Dietz V, Duysens J (2013) Arm movements
can increase leg muscle activity during sub-
maximal recumbent stepping in neurologically
intact individuals. J Appl Physiol 115:3442.
doi:10.1152/japplphysiol.0 0510.2012
9. Dietz V (2002) Do human bipeds use
quadrupedal coordination? Trends Neurosci
25:462467
10. Dietz V (2003) Spinal cord pattern gener-
ators for locomotion. Clin Neurophysiol.
114:13791389 (pii: S1388245703001202)
11. Dietz V, Fouad K, Bastiaanse CM (2001) Neu-
ronal coordination of arm and leg movements
during human locomotion. Eur J Neurosci
14:19061914
12. Dominici N, Ivanenko YP, Cappellini G, dAv-
ella A, Mondi V, Cicchese M et al (2011)
Locomotor primitives in newborn babies and
their development. Science 334:997999.
doi:10.1126/ science.1210617
13. Duysens J, Van de Crommert HW (1998) Neu-
ral control of locomotion; the central pattern
generator from cats to humans. Gait Posture
7:131141 pii: S0966636297000428
14. Faupin A, Gorce P, Meyer C (2011) Effects of
type and mode of propulsion on hand-cycling
biomechanics in nondisabled subjects. J Reha-
bil Res Dev 48:10491060
15. Ferris DP, Huang HJ, Kao PC (2006) Moving
the arms to activate the legs. Exerc Sport Sci
Rev 34:113120 pii: 00003677-200607000-00005
16. Goosey-Tolfrey VL, Sindall P (2007) The ef-
fects of arm crank strategy on physiological re-
sponses and mechanical efficiency during sub-
maximal exercise. J Sports Sci 25:453460.
doi:10.1080/02640410600702883
17. Heesterbeek PJC, Berkelmans HWA, Thijssen
DHJ, van Kuppevelt HJM, Hopman MTE,
Duysens J (2005) Increased physical fitness af-
ter 4-week training on a new hybrid FES-cycle
in persons with spinal cord injury. Technol
Disabil 17:103110
18. Hiraoka K, Iwata A (2006) Cyclic modula-
tion of H-reflex depression in ipsilateral and
contralateral soleus muscles during rhythmic
arm swing. Somatosens Mot Res 23:127133.
doi:10.1080/08990220600989650
19. Hiraoka K, Nagata A (1999) Modulation of the
soleus H reflex with different velocities of pas-
sive movement of the arm. Electromyogr Clin
Neurophysiol 39:2126
20. Hol AT, Eng JJ, Miller WC, Sproule S, Kras-
sioukov AV (2007) Reliability and validity
of the six-minute arm test for the evalua-
tion of cardiovascular fitness in people with
spinal cord injury. Arch Phys Med Rehabil
88:489495. doi:10.1016/j.apmr.2006.12.044
21. Hopman MT, van Teeffelen WM, Brouwer J,
Houtman S, Binkhorst RA (1995) Physiologi-
cal responses to asynchronous and synchronous
arm-cranking exercise. Eur J Appl Physiol Oc-
cup Physiol. 72:111114
22. Huang HJ, Ferris DP (2004) Neural coupling
between upper and lower limbs during recum-
bent stepping. J Appl Physiol 97:1299 1308.
doi:10.1152/japplphysiol.01350.2003
23. Jacobs PL (2009) Effects of resistance and
endurance training in persons with paraple-
gia. Med Sci Sports Exerc 41:992997. doi:10.1
249/MSS.0b013e318191757f
24. Kao PC, Ferris DP (2005) The effect of move-
ment frequency on interlimb coupling during
recumbent stepping. Mot Control 9:144163
25. Kawashima N, Nozaki D, Abe MO, Nakazawa
K (2008) Shaping appropriate locomotive mo-
tor output through interlimb neural pathway
within spinal cord in humans. J Neurophysiol
99:2946 2955. doi:10.1152/jn.00020.2008
26. Knikou M (2007) Neural coupling be-
tween the upper and lower limbs in
9
humans. Neurosci Lett 416:138143.
doi:10.1016/j.neulet.2007.01.072
27. Mossberg K, Willman C, Topor MA, Crook
H, Patak S (1999) Comparison of asyn-
chronous versus synchronous arm crank er-
gometry. Spinal Cord 37:569574
28. Valent LJ, Dallmeijer AJ, Houdijk H, Sloot-
man HJ, Post MW, van der Woude LH (2008)
Influence of hand cycling on physical ca-
pacity in the rehabilitation of persons with
a spinal cord injury: a longitudinal cohort
study. Arch Phys Med Rehabil 89:10161022.
doi:10.1016/j.apmr.2007.10.034
29. Valent L, Dallmeijer A, Houdijk H, Sloot-
man HJ, Janssen TW, Van Der Woude LHV
(2010) Effects of hand cycle training on
wheelchair capacity during clinical rehabilita-
tion in persons with a spinal cord injury. Dis-
abil Rehabil 32:21912200. doi:10.3109/0963
8288.2010.509461
30. van der Woude LH, Bosmans I, Bervoets
B, Veeger HE (2000) Handcycling: different
modes and gear ratios. J Med Eng Technol
24:242249
31. van der Woude LH, Horstman A, Faas
P, Mechielsen S, Bafghi HA, de Kon-
ing JJ (2008) Power output and metabolic
cost of synchronous and asynchronous sub-
maximal and peak level hand cycling on
a motor driven treadmill in able-bodied
male subjects. Med Eng Phys 30:574580.
doi:10.1016/j.medengphy.2007.06.006
32. Wannier T, Bastiaanse C, Colombo G, Dietz V
(2001) Arm to leg coordination in humans dur-
ing walking, creeping and swimming activities.
Exp Brain Res 141:375379
33. Zehr EP, Duysens J (2004) Regulation of
arm and leg movement during human lo-
comotion. Neuroscientist. 10:347361.
doi:10.1177/1073858404264680
34. Zehr EP, Hundza SR, Vasudevan EV (2009)
The quadrupedal nature of human bipedal lo-
comotion. Exerc Sport Sci Rev 37:102108.
doi:10.1097/JES.0b013e31819c2ed6
10
